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The complete sequence of the 2315 nucleotides in RNA 3 of potato mop-top furovirus (PMTV) isolate T was obtained by 
analysis of cDNA clones and by direct RNA sequencing. The sequence contains an open reading frame for the coat protein 
(2OK) terminated by an amber codon, followed by an in-phase coding region for an additional 47K. PMTV therefore resembles 
soil-borne wheat mosaic (SBWMV) and beet necrotic yellow vein (BNYVV) viruses (two other fungus4ransmitted viruses 
with rod-shaped particles) in having a coat protein-readthrough product. Comparison of the 3' untranslated regions of PMTV 
RNA 2 and RNA 3 reveals a long conserved block of 150 nucleotides, which contains two repeated sequences and has the 
potential to form consecutive pseudoknot structures. PMTV RNA 3 ends a few nucleotides downstream of this conserved 
block, but RNA 2 extends for a further 140 nucleotides, which can potentially form a 3'-terminal tRNA-like structure similar 
to those in the RNA species of SBWMV, tymoviruses, and some tobamoviruses. PMTV coat protein has amino acid sequence 
identities of 30 and 28% with SBWMV and BNYVV coat proteins, respectively, and apparent structural similarities with 
tobacco mosaic virus coat protein. The coat protein readthrough domains of PMTV, SBWMV, and BNYW have shared 
residues throughout heir length but no extended sequences are conserved. The presence in RNA 3 of coding sequences 
for only the coat protein and readthrough domain distinguishes PMTV from SBWMV and BNYW, both of which have them 
in RNA 2 along with one or more other genes. Comparison of the genomes of PMTV, BNYVV, and SBWMV shows that 
furoviruses exhibit considerable heterogeneity in genome organization. © 1995 Academic Press, Inc. 
Potato mop-top virus (PM-I-V) is a fungus-transmitted 
virus with rod-shaped particles which contain three dis- 
tinct species of single-stranded RNA of 6.4 kb (RNA 1), 
3.0 kb (RNA 2), and 2.5 kb (RNA 3) (1-3)  and a coat 
protein of Mr 19,700 (4). Based on its fungal transmission 
and particle morphology, PMTV is classified as a furo- 
virus, along with soil-borne wheat mosaic (SBWMV) and 
beet necrotic yel low vein (BNYVV) viruses (5). Moreover, 
a distant serological relationship is reported between 
PMTV and SBWMV (4). However, analysis of the nucleo- 
tide sequence of PMTV RNA 2 (3) shows that, unlike the 
RNA 2 of SBWMV and BNYVV (6, 7), it does not encode 
either a coat protein or the associated readthrough do- 
main. Instead it contains a triple gene block, which re- 
sembles that in the 3' half of BNYVV RNA 2 but is not a 
constituent of the SBWMV genome. These comparisons 
show that furoviruses have at least three kinds of ge- 
n0me organization. In this paper we report the nucleotide 
sequence of PMTV RNA 3. Analysis of this sequence 
provides further evidence of heterogeneity in the genome 
organization of furoviruses, and suggests that this diver- 
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sity may be a consequence of reassortment of genome 
modules during evolution. 
Isolate T of PMTV (8) was propagated in mechanical ly 
inoculated Nicotiana benthamiana or Nicotiana debneyi 
and the virus particles were purified as described by 
Torrance et a/. (9). Viral RNA was isolated and poly(A)- 
tailed as describe d by Scott eta/. (3). An oligo(dT)-primed 
cDNA library in pBluescript KS(+) was screened for 
cDNA derived from PMTV RNA 3 by dot blot hybridization 
with 32p-labeled RNA 3-specific clone O1 (0.5 kb) (3). 
The size of cDNA inserts was measured by agarose gel 
electrophoresis after restriction enzyme digestion. Two 
clones with large cDNA inserts, pPMTV21 (2.3 kb) and 
pPMTV19 (2.2 kb), were selected for sequence analysis. 
Subclones obtained from pPMTV21 and pPMTV19 using 
nested deletions generated by exonuclease III (10), or 
from restriction enzyme fragments subcloned into M13 
or pBluescript KS(+) vectors, were sequenced by the 
dideoxynucleotide chain termination method (1 1). Clones 
pPMTV21 (nucleotides 27-2315) and pPMTV19 (nucleo- 
tides 79-2315) contained cDNA inserts covering almost 
the full length of PMTV RNA 3, as well as the poly(A)- 
tails which were added to the 3' end of the RNA. Se- 
quence analysis of pPMTV21 and pPMTV19 provided 
2289 nucleotides in the 5' to 3' direction and 2237 nucle- 
otides in the 3 r to 5' direction, respectively. These two 
clones have the same 3'-terminal sequence adjacent to 
the poly(A) tail. However, the possibil ity that RNA 3 might 
0042~6822/95 $6.00 
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GUAUUUUUUAAGUCUAAACAGUUUGUGACUAACUAGACGAAAAACAUAUCAACUUUCUUGCAGAGCUUUUAGUGAUACGACCAGGUGUUGGUUGCUAUUAAGAG~UGCA~UAAAGUGUUU 120 
UCUUGUGUCUUUUGCC-GGUGGGCUACAGGCGAGCAGUCCGUAUAAAC~CAUC~]GAAAGCGACGGCGAUCACAAAGGCGCGAGUGAAAAUUCUUUUGUGUUAGCGGUUUGAAAAUUUUAUU 240 
UUCUUACUGUGUUUGUUGUUCUAU~UUCUCGGAUACCACCCUUGG~AUGGCUGA~UCA~A~GUGAGC~AA~CAGCCGU~GAG~UA~AUA~ACUCUUGGGACCAUGA~CA~CC 560 
M A E [ R G E R K h A V E N R Y D S W D H E Q A 24 
~UG~GG~UGC~GUG~GG~GUUUhUUU~UUACG~UCAAUUCUChGCUChGUU~O~CUGGC~CG~CUh~UU~ChU~UUG~ChU~CChCUAGCGUG~G~QCC~GGUGUCU 480 
M K A A V R K F I S Y D Q F S A Q L R N W R E A R L N I I E H A T S V L S Q V S 54 
AAU~UAGGUAGAACUCAUUUCUACA~UGGAACCGAA~GCUUUGGUG~A~GUU~ACU~iGUUGGUGAUAAA~5GUA~UAUGUCUG~UG~C~AG~UG~CCG~UUG~U~UAUA 600 
N L G R T H F Y $ G T E l~ F G G S S L V G D K L Y V C L N E T R M K T A L N N I 104 
~UUGU~GCGUUGC~GAC~GUGA~C~CGAAGGGCGQGC~AG~CGAUU~GGUCcG~G~GAAGCUUCCGCGAAC~CC~C~G~AU~GCGCUCUG~UGUGGCAC~UC~CU~C~G~G 720 
I V A L Q T V N G E G R h R R L G P R E h S A N T G G E D S h L N V h [[ Q L h E 144 
GUGGACGAUUUAUUA~CUGAUGAAAGUUUUUUAA~A~AG~UGUUUUUACUCA~G~CAAAUAUGAGCUCGUGAAC~GGUUACGCUGGGCUGGUGCAUAGCAAUU~C~cUCAG~CUUUU 840 
V D D L L T D E S F L R E A V F T Q D K Y E L V N G L E W A G A $ Q L T A Q A F 184 
UGGUUUGACGUCAAC~CCGCUAU~G~CG~U~G~U~UCGACUGCUGGCUGCGGCU~C~UU~GACU~UUGCCUG~CA~C~U~ACGUGG~UG~UUUAGUGUCUAU~CGCA 960 
W F D V N A A I D E I D N R,L  L A A A A L R L L P G Q A N H Y D G L V S ] N Y A 224 
CAAUUGGAUAGAGCAUUGAGUGUUGUUGGUGGGAAUAUUUUACCUCA~AC~U~iG~AGAUAACUC~UGACGAAAGAAAGAGGCAAUUACAUGAG~UCAGA~U~AUCGACGG~AG~A~UC 1080 
Q L D R A L S V V G G N I L P Q T L E I T R D E R K R Q L H E V R V I D G E R V 204 
~CUAUUC~UAACAAGGAUGAGGC~ACGGUC~UUA~GAAUC~UC~UCAGC~ACUUCCUUGGCUAUUAGCGUUUUUACUGUUGCUGUU~U~UGUUGUAGUGGU~UAUUCUACAAUAU~CCUG 1200 
T I R N K D E A T V V R N H G Q G L P W L L A F L L L L L S V V V V Y S T I Y L 304 
AACGACU~UUGUAUCG(]UUAA~UGUGGUAAGGCAU(]GGAAACCUG(~CGGUGGUGCA~UCUU~GCUGUCGGGUAUGU~GACUGGUUGUGCAGU~CUU~GCCAGA~CUUCA 1520 
N D W L Y R L S V V R H G K P G G G A A L I( L $ G M S D W L C S R L R A R G A S 344 
~AUGUGAGCAGGAUGAC~AAG~AACA~GC~UGCGAUCC~U~GCCCA~UGGGUUGCGGA~GUUCCUUACUUGUUAcAACUUUUCUUUCGAACUUUG~GUCCUACU~GUAGUUAUGACGAU 1440 
N V S R M R K K Q A C D P S P T G L R K F L T C Y N F S F E L W G P T O S Y D D 904 
~CGC~GCC~AG`~`UUAUAGCGG~@`C~Gt~UUCAUUUGUGG`~GCCC~UGAC~GGCCAUAGAUG.~CI'UG~C~GGG~CUG~GG~UUUGACU~GUUAG~CGGAUCCUCAGG~GA 1560 
A Q l~ R ] 1 A E Q N S F V E A V R A I D E G D R E L A E A R L-T K V R R I  L R R 424 
CAU~UUAAUUA~CGA~UG~UUAUUUUGAUAUUAUUGAAGCGAAGGCGGUAUAUUU~GUGACAGUGCUGACAAACGCAAUGUCC~GG~CAGUUGUUGG~GUUGAcGAUGACAAG~AGA 1600 
H L N Y R P D Y F D I I E A K A V Y L V T V L T N A M S G P V V G V D D D K R R 464 
~C`~GUC4~U~GCCGC~UUUAA~CCGUC~GACUGU~GGUU~C~UUUGGAUGACGUUGU~GC~A~GU~CUC~GCGAUAUU~CUG~GUUUUUG~UGA~CCUGCU~AUG~CCG~ 1800 
A V V A A P N P S D C G L P N L D D V V A D V D S S D I A E F L N D P A R M T E 504 
GCGGCUCUGGAGCUCCGAU~GACCAGhAU~CUGAGUGCUGAAC` GUUCACCGGUGGAUGUAAUUGAGCCAGGGGG~CAGGAAC[~UAUUUCCAUGCA~GUGCAU~AG~GUCU~CUGUC 1920 
A A L E L R L T R I L S A E G S P V D V I E P G G (~ E L ] S M Q V H G E $ L T V 544 
AUAAAU~CCGGCACCGACUCUCCC~CA~UGAI~AG~UCCG~UCCUUGUCGAC~CGGCACCGU~G~UCUGGUAUAGAAAU~GGU~CUUUUGCAGUGGAUAAAGUGCUG~CUUACGAGGUG 2040 
1N h G T D S P T V ] R S A S L S T R H R S S G I E 1G S F A V D K V L P Y E V 584 
GAAGGC~AAAACAACGAUC~UAUUAGGUCGCUCU~GAUCUAUAGGGAAGAU~UCAGGUAAG~U~GCUGUUUAAACC~AGUGCGUGUGAC~GGUCU~CCUCUCU~UCACAC~U~A 2160 
E G ~ N N D H I R S L S ] Y R E D V R * 603 
UACUACGACAAGUAUCAGUGCUUACAGGACUUAUGUCUGUGGUUCACUUAAAUCGAACCAUUGGAGCAAUCCAACGUUAAUACUACGUUAAGUAUUAGUGCUUACAGGGCUAAACCGUGG 2280 
UUCACUUUAAUCGAACCAGUCUCGAAAGGGACGAG 
FIG, 1. Nucleotide sequence of PMTV RNA 3. The deduced amino acid sequences of the coding regions are shown below the nucleotide sequence. 
Termination codons are shown by asterisks. 
end in one or more A residues cannot be excluded. The 
5'-terminal sequence of PMTV RNA 3 was analyzed di- 
rectly as described by Kashiwazaki et al. (12), using the 
oligonucleotide primer p814 (5' CCTGGTOGTATOACT- 
AAA 3'; complementary to nucleotides 68 to 81 of RNA 
3). Primer extension on RNA 3 gave the 5'-terminal 26 
nucleotides, beyond pPMTV21, followed by a strong stop 
band, which probably represents an additional unspeci- 
fied nucleotide that was added by reverse transcription 
in response to a 5' cap structure (7, 13). The sequence 
from clone C1 corresponded to an internal region (nucle- 
otides 592-1041) of RNA 3. The complete 2315 nucleo- 
tide sequence of PMTV RNA 3 is shown in Fig. 1. 
The first AUG triplet, beginning at nucleotide 289, ap- 
pears to be the initiator for a long open reading frame 
(ORF), because the A in position. -1, the G in position 
+1, and the C in position +2 fit the consensus sequence 
for initiation of translation in plants (AACAAUGGCC) (14). 
This ORF is interrupted by a UAG triplet at nucleotide 
817, but the in-phase coding region extends for an addi- 
tional 1281 nucleotides before reaching a UAA codon at 
nucleotide 2098 (Fig. 1). No other ORF for a polypeptide 
of more than 4K was found in any reading frame. 
The sequence from AUG (289) to UAG (817) has a 
coding capacity of 176 amino acids with a calculated Mr 
of 19,720, which is almost the same as the PMTV coat 
protein size (Mr 19,700) estimated by SDS-PAGE (4). A 
random-primed cDNA library in lambda ZAP II phage (3) 
was screened for fusion proteins containing epitopes 
from the PMTV coat protein. Plaque blots were exposed 
to amixture of four monoclonal antibodies (SCR 68, 69, 
70, and 77) specific for the PMTV coat protein (9, 15). 
Antibody binding was detected using goat anti-mouse 
globulin/alkaline phosphatase conjugate as described 
by Sambrook et al. (16). Clone lambda-C54, which gave 
products that reacted with the antibodies, was selected 
after two rounds of screening and its cDNA insert (0.35 
kb) was subcloned from [ambda ZAPII into pBluescript 
SK(-) by in vivo excision as described by the manufactur- 
ers (Stratagene) to give clone 054. The/3-galactosidase 
fusion protein induced by IPTG was separated by SDS- 
PAGE (17) and blotted onto a nitrocellulose membrane, 
and the reaction with the mixture of monoclonal antibod- 
ies was detected by the same procedure as for the 
plaque blots. Immunoblot analysis of electrophoretically 
separated proteins from cells containing C54 detected 
two protein bands (Mr 31,000 and 32,000) which reacted 
specifically with the monoclonal antibodies (Fig. 2). The 
presence of two protein bands may be due to read- 
through of the coat protein gene termination codon (see 
below). C54 therefore contains cDNA derived from the 
coat protein coding region. Sequence analysis of clone 
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Fie. 2. Immunoblot of translation products derived from PMTV cDNA 
clones. Total cell proteins from IPTG-induced cultures of Escheriehia 
coil containing recombinant pl31uescript plasmids were separated by 
polyacrylamide gel electrophoresis and probed with a mixture of mono- 
clonal antibodies specific for PMTV coat protein (see text). The plas- 
raids contained (lane 1) cDNA insert Tb2 (2.3 kb from PMTV RNA 2) 
or (lane 2) insert 054 (0.35 kb from PMTV RNA 3). Two reactive products 
with similar migration rates were detected in lane 2. Numbers on the 
right are Mr values of marker proteins. 
C54 showed that the cDNA insert encompassed PMTV 
RNA 3 nucleotides 628-976 and encodes the C-terminal 
63 amino acids of the coat protein sequence followed 
by the stop codon and an additional in-frame sequence 
of 53 amino acids. The coat protein sequence identities 
between PMTV and other viruses, calculated by the 
UWGCG program GAP (18), are 29.9% (SBWMV), 27.5% 
(t3NYW), and 16.5% [tobacco mosaic virus (TMV)], re- 
spectively. The deduced amino acid sequence of the coat 
protein has several residues which are identical to those 
in similar positions in the coat proteins of SBWMV and 
BNYW, but no shared sequences longer than three resi- 
dues. In PMTV, the N-terminal region is longer, and in 
13NYVV the C-terminal region is longer, than in the two 
other viruses. These two extensions lie on the surface of 
the sides of particles of the respective viruses, probably 
explaining the immunodominance of the N terminus in 
PMTV (15) and of the C terminus in BNYVV (19). 
Alignment of the coat proteins of PMTV and TMV (20) 
shows that several important residues in TMV coat pro- 
tein have equivalents in the PMTV coat protein (Fig. 3). 
Of 23 residues in TMV coat protein that are believed to 
be involved in interactions with the phosphate groups or 
ribose of viral RNA or in formation of salt bridges, or that 
are key constituents of the hydrophobic girdle at high 
radius (21, 22), 13 identical and 7 similar amino acids 
occur in corresponding positions in PMTV coat protein. 
This implies that, as in TMV, the secondary structure of 
the PMTV coat protein subunit includes two parallel and 
two anti-parallel alpha helices, and suggests that there 
are three bases per protein subunit. Nevertheless, de- 
spite the similarities between the coat proteins of PMTV, 
TMV, and SBWMV, the sequences likely to be responsi- 
ble for the reported serological relationships between 
the particles of PMTV and TMV (23), or PMTV and 
SBWMV (4), cannot be predicted with confidence. 
The sequence of the termination codon and next two 
downstream codons (UAG OAA UIJA) resembles the con- 
sensus sequence (UAG CAR YYA) for a leaky UAG stop 
codon in plant viruses (24). The readthrough protein be- 
ginning at AUG (289) and ending at UAA (2098) would 
consist of 603 amino acids with a Mr of 66,900 (67K 
protein). A readthrough protein with a coat protein at its 
N terminus has been found in two other furoviruses, 
BNYVV (7) and SBWMV (6). The sequence identity of the 
readthrough domain is greatest (23.3%) between PMTV 
and SBWMV. It is 19.9% between PMTV and BNYVV, and 
18.2% between SBWMV and BNYVV. Conserved amino 
acids are spread throughout he readthreugh domain but 
no contiguous stretches of greater than three conserved 
amino acids are present. However, the readthrough do- 
mains of PMTV, SBWMV, and BNYVV include a 
WL(X)3LLL motif (PMTV residues 107 to 116) contained 
within a hydrophobic region identified by Shirako and 
Wilson (6). This hydrophobic region is immediately N- 
terminal to a region of the BNYVV readthrough domain 
that is involved in particle assembly (25). The read- 
through domain is also involved in the transmission of 
BNYVV by its fungal vector, Polymyxa betae (26), and 
possibly also in transmission of SBWMV by Po/ymyxa 
graminis (27, 28). Moreover, barley stripe mosaic virus 
(BSMV), which has genome and particle similarities to 
PMTV (3) but does not depend on a fungus vector to 
spread, lacks a readthrough domain (29). Thus transmis- 
sion by fungal vectors of these three viruses seems to 
be consistently associated with possession of a coat 
1 50 
PMTV MAEIRGERKA AVENRYDSWD HEQAMKAAVP.  KF ISYDQFSA QLRNWREARL 
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TMV MSYS ITT  PSQFVELSSA WADPIE  . . . . .  L INLCTNAL 
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51 10O 
PMTV NI  IEHATSVL  SQVSNLGRT . . . HFYSG . . . . . . . .  TERFG GSSLVGDKLY 
: : :ll : :i / If: I l:l 
TMV GNQFQT . . . . . . . .  QQARTV VQRQFSEVWK pSPQVTVRFP  DS..  ,DFKVY 
101  150 
PMTV VCLNETRMKT A/-ikTNIIVALQ TVNGEGRARR LGPREASAN.  TGGE . . . . . .  
I : i: :: II : ::l I : i II l::l 
TMV . . . . . .  RYNA VLDPLVTALL  GAF.  DTRNRI  I. EVENQANP TTAETLDATR 
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FiG. 3. Alignment of the amino acid sequences of the coat proteins 
of PMTV and TMV, showing conservation of residues that have known 
roles in TMV coat protein= interaction with phosphate (*), interaction 
with ribose (1-), salt bridge formation (%), and formation of a hydrophobic 
girdle at high radius (#). 
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A < , A > 
RNA2 2607 UAAUAUGAGGGUC~UAGGUUUUUUA~GGGU-AUG~AUAUA~--UAUAUAAAUUAUGC~G~A~GUUAAGUGUUAGUGCUUACA 
_W. I l l  II It I II II I I I I I I I  I II II I I IT]T-TTTr[[[[ IRT~ I I I I I I I I i i  
RNA3 2~98UAU~-~AUGGCU~U-UUAAACcGA~U~UGU~ACGG~U~UACCU~UCUAAAAGU~A~AcCG~AUA~UACGACAAGUAU~AGUGCUUACA 
• B • ( A' > < 
RNA2 2694 ~GACUUcGGUCUGUGGUUCA~UUAAA~CGAA~CAUUGGAGUAAUCCGA~GUUAAUAUCAC~UUAAGUAUUGGUGCUUCCAGGGU~.~ACC 
IIIIT[' I I I I I tTF I l l l l l l ] [ l l l l T ITR l l l l l l  I l l l l  ]I'['[IITFI II1"[1111111] I I I I I I  I I I I I  I I I I I I  
RNA8 2187 GGA~U~AUGUCUGUGGUU~A~Uv~A~AU~GAAc~AUUGGAGCAAUC~bACQUUAAUACUAGq~UAAGUAUUAGUG~UUACAGGGC~A~c 
( B > • A' > 
B' D - -  > < C > ( > 
RNA2 2784 GUGGUUCACC` .U-.U..AAUCGAACCAG.U.C.UCAUUUG.~-Q.A-CAAAACUGACUUCCUAGCU~--U-U..U..~UUGAGAUAAUUCCAA~--A.~.c~UUAUCCGGC 
IIT[l~ll IIIILIil]lillllll ~ t l l •  
ENA3 2277 GUGGUUCACU..UUA.AUCGAACCAGUCUCGAAAGGGACGAG 3' 
- -  B '  
< , tRNA- l i ke  s t ruc ture  "~ 
RNA2 2874 UUAGGGAAGAGCGG••AGUUGCUG•UGCGAUCAAGA•A•GAUCGUUCAAAAGGGUGCAAC•CCC••••CCUUGGAGGGUAUC•AAGACC 3'
B *** + + 
PMTV RNA2 ~AGUU~AGACA~UCAAA~GCAACU~- .C . ' .~-~} 'U~CC(A)  3' 
#$# 
SBWMV RNA2 G~GGUG'~C~C~GC'~UCACA~'~G'~AGG/~gUCAAU~. ' .~AU~U/~C~CCCA 3' 
$$$ 
SHMV RNA A ~  AG U-~G'C~C- ~C~'~AAG i CA ( ~  UGA G @ G CA U U ~. ' .~  AA- ~. -~ A UA ~GG'~C C A 3' 
/ I I I l l | l , ' /  
L Iy .~. . J  L--.I][[ / L .~ I I - - - - J  L_..$ ll.._.....j S2. - I  
FIG. 4. Comparison of 3' terminal nucleotide sequences. (A), Nucleotide sequence homologies in the 3' untranslated regions of PMTV RNA 2 
and RNA 3. Identical nucleotides are shown by vertical lines. Termination codons are boxed. The elements involved in possible pseudoknots (A to 
D) are shown above (RNA 2) or below (RNA 3) the nucleotide sequences. Within each pseudoknot, nucleotides with continuous underlining can 
be base-paired, as also can be those with dotted underlining. The position of a possible tRNA-like structure at the 3' end of RNA 2 (see B) is 
indicated. (B) Comparison of 3'-terminal sequences of PMTV RNA 2, SBWMV RNA 2, SHMV RNA, and TYMV RNA. The two stems (Sl and S2) and 
a hairpin (11) involved in the aminoacyi acceptor arm and two upstream hairpins (111 and IV) (33) are indicated. Asterisks indicate possible anticodons 
for valine. Unpaired nucleotides (+) are found in hairpin IV of PMTV RNA 2. The presence of a CCA sequence at the 3' end of many tRNA structures 
(33) suggests that the 3'-terminal residue in PMTV RNA 2 is A, which would not have been distinguished from the poly(A) tail added to the 3' end 
of the viral RNA (3). 
protein readthrough domain. Further work is needed to 
elucidate the mechanism of its apparent role in transmis- 
sion. 
The long ORF found in PMTV RNA 3 is preceded by a 
PMTV RNA 2 RNA 3 
?Cap-~ .51K ~ ?Cap~20KT ,47K J-- 
Triple gene block Cys-rich CP 
BNYVV RNA 2 
Cap---~ 21K l .54K ~ A ) n  
CP Triple gene block Cys-rich 
SBWMV RNA 2 
Cap.--~ 19K l ,64K . J '~  
CP Cys-rich 
BSMV RNA p 
C a p ~  "~58K ~(A)n -  
CP Triple gene block 
FIG. 5. Genetic organization of PMTV RNA 2 and RNA 3, BNYVV RNA 
2, SBWMV RNA 2, and BSMV RNA/~. NTP-binding domains are shown 
by stars. Filled and open diamonds represent amber and opal termina- 
tion codons, respectively. Open reading frames encoding triple-gene- 
block proteins, cysteine-rich proteins and coat proteins (CP), and the 
protein sizes are indicated in the diagram. 
5' noncoding region of 288 nucleotides and is followed 
by a 3' noncoding region of 218 nucleotides. The se- 
quences of these were compared with the corresponding 
regions of PMTV RNA 2 (3). The 5' noncoding regions of 
RNA 2 and RNA 3 start with the same sequence GU- 
AUUU, but have no significant similarities after that. A 
putative stem-loop structure extending for 50 nucleotides 
was found at the 5' terminus of RNA 2 (3). The corre- 
sponding region of RNA 3 (nucleotides 51 to 116) can 
be folded into a long stem loop, but its stem contains 
many mismatches and unpaired nucleotides. The two 5' 
noncoding sequences have similar base compositions, 
characterized by large U contents (25.7% A, 16.3% C, 
23.3% G, 34.7% U for RNA 3; 24.2% A, 19.6% C, 20.2% G, 
36.0% U for RNA 2). The sequence of the first 6 nucleo- 
tides is identical to that in SBWMV and TMV RNA, but 
there is no significant similarity to BNYVV RNA, although 
the RNA3 of BNYVV also has a long 5' untranslated re- 
gion which takes up a complex secondary structure im- 
portant for replication of the RNA (30). 
A long conserved block of 150 nucleotides was found 
in the 3' noncoding regions of PMTV RNA 2 and RNA 3 
(Fig. 4A). This block starts within the UGA termination 
codon of the 3'-most ORF in RNA 2, but is located 60 
nucleotides downstream of the UAA termination codon 
of the single ORF in RNA 3. It contains two repeated 
sequences (A and A', and B and B' in Fig. 4A), each of 
which can potentially form a pseudoknot structure. RNA 
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3 ends a few nucleotides downstream of the shared 
block, but RNA 2 continues for a further 140 nucleotides. 
No obvious sequence similarity occurs between this 3' 
terminal 140 nucleotides of RNA 2 and RNA 3. However, 
the sequence of the 3'-terminal 80 nucleotides of PMTV 
RNA 2 has significant similarities to the corresponding 
regions of the RNA species of SBWMV (6), sunn-hemp 
mosaic virus (31), and turnip yellow mosaic virus (32) 
(Fig. 4B). The alignment of these sequences suggests 
that PM-i-V RNA 2 can be folded into a structure resem- 
bling the tRNA-like structures in the RNA species of the 
other three viruses. These structures all contain the ami- 
noacyl acceptor arm (which consists of the 3'-terminal 
pseudoknot with stems $1 and $2 and hairpin II) and 
include the two upstream hairpins III and IV with an 
anticodon for valine in the loop of hairpin III (Fig. 4B; 33). 
PMTV RNA 2 has the potential to form two additional 
pseudoknots (C and D in Fig. 4B) between the block 
shared with RNA 3 and the 3' tRNA-like structure. The 
occurrence of multiple pseudoknots in the 3' untrans- 
lated sequence upstream of a tRNA-like structure has 
also been proposed for tobamoviruses and SBWMV (6, 
34). In PMTV RNA 3, the apparent lack of a 3' tRNA-like 
structure is puzzling. Perhaps it was lost during RNA 
isolation or cDNA cloning. Although two independent 
cDNA clones had the same 3' end, no clones with longer 
3' sequences (assessed by restriction enzyme analysis) 
were found in the cDNA library and no cDNA was ob- 
tained by oligo-dT priming unless 3' poly(A) was first 
added to PMTV RNA. Nevertheless, the possibility that 
strong secondary structure prevented polyadenylation of 
the true 3' end of RNA 3 and that the 3' end observed 
represents a nuclease-sensitive site upstream of such a 
region of secondary structure cannot be excluded. 
Nucleotide sequence analysis of RNA of BNYVV and 
SBWMV has shown that the two viruses differ in genome 
organization. The sequence of PMTV RNA 3 reported 
here, together with that of PMTV RNA 2 (3), shows that 
the PMTV genome has yet another type of organization 
(Fig. 5). BNYVV RNA 2 differs from that of SBWMV in 
having a triple gene block inserted between the coat 
protein readthrough gene and the gene for the cysteine- 
rich protein. The arrangement of genes in PMTV RNA 3 
resembles that of the 5' half of BNYVV RNA 2, and the 
arrangement of genes in PMTV RNA 2 resembles that of 
the 3' half of BNYVV RNA 2. The gene content of PM-i-V 
RNA 2 plus RNA 3 is therefore the same as that of BNYVV 
RNA 2, suggesting that one type of genome may have 
arisen from the other by cleavage (or fusion) of a progeni- 
tor genomic RNA molecule (or molecules). However, 
such an event seems unlikely to have occurred recently 
because PMTV coat protein is more similar to that of 
SBWMV than BNYVV, and the PMTV triple-gene-block 
proteins are more like those of BSMV than BNYVV (3). 
BSMV, a hordeivirus, has yet another kind of genome 
organization (Fig. 5). Its RNA/5' contains the coat protein 
gene and a triple gene block but lacks sequences encod- 
ing a coat protein readthrough domain or a cysteine-rich 
protein. Evolutionary relationships among furoviruses 
and members of allied taxa are evidently complex and 
may result in part from transfer of gene modules from 
one genome to another. Indeed, with the new information 
on the differences in genome organization among 
SBWMV, BNYVV, and PMTV, we question the desirability 
of including the two last-named viruses in the Furovirus 
genus, and suggest that two new genera are needed to 
accommodate them. 
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